Purpose: To evaluate the toxic effects and associated mechanisms in corneal tissue exposed to the vesicating agent, nitrogen mustard (NM), a bifunctional alkylating analog of the chemical warfare agent sulfur mustard.
V esicating agents cause debilitating dermal, ocular, and pulmonary injuries. The ease of synthesis and the severe manifestations caused by them make these agents a potential threat as warfare agents and as terrorist weapons. 1, 2 Among the vesicating agents, sulfur mustard (SM) is the most widely used warfare agent. [1] [2] [3] [4] SM penetrates ocular tissue more rapidly than skin and pulmonary tissues, causing a biphasic injury; an acute phase expressed clinically by photophobia and inflammation, followed by delayed pathology including epithelial defects, chronic inflammation, corneal erosions, corneal opacity, and corneal vascularization. 5 Despite imminent threats and devastating ocular injuries by vesicating agents, [6] [7] [8] [9] [10] [11] effective therapies suitable in case of a mass casualty are not established. This is primarily because of the lack of defined mechanisms contributing to pathological and clinical progression of ocular injuries by vesicants in relevant animal models. The rapid alkylating effects and longterm deficiency of limbal stem cells have further added to the complication of developing effective therapies. 12, 13 A role of oxidative stress, inflammatory cytokines, matrix metalloproteinases (MMPs), and vascular endothelial growth factor (VEGF) in vesicant-induced ocular injuries has been reported. 5, [14] [15] [16] [17] Although antiinflammatory, anti-VEGF, and antiproteolytic treatments have been shown to reduce the severity of injuries to varying degrees; mostly they are insufficient to effectively treat the vesicant-induced ocular injuries. 13, 18 Nitrogen mustard (NM) [bis (2-chloroethyl) methylamine] was developed during World War I and is a highly reactive bifunctional alkylating analog of SM. Similar to SM, it covalently modifies major biomolecules (DNA, proteins, and other macromolecules) within the cell and causes ocular and dermal injuries similar to SM exposure, although the severity might differ. 14, 16, [19] [20] [21] NM is commercially available and has been used by us and others to study vesicant-induced ocular injuries as an alternative to SM; this is due to limitation of easy access and use of SM in laboratory settings. 16, 17, [22] [23] [24] [25] In our previously reported study, we have shown that a 24-hour NM exposure caused cell death, epithelial-stromal separation, and increase in the levels of cyclooxygenase 2 (COX-2), proteolytic mediator MMP-9, and VEGF in cultured rabbit corneas. 17 This study was designed to further examine the dose-response and time-response of NM exposure on these effects in freshly isolated rabbit corneas and to delineate related mechanisms and underlying pathways using human corneal epithelial (HCE) cells. Being the outermost layer of the eye, the corneal epithelial layer is highly susceptible to vesicant-related injuries, which is the focus of our study. 6 Furthermore, examining the early toxic effects and associated molecular events in NM-induced corneal injury both ex vivo and in cell culture would help in better understanding the injury mechanisms that could lead to the early and late injury pathogenesis.
MATERIALS AND METHODS

Corneal Organ Culture (Rabbit) and HCE Cells
New Zealand white rabbits (8-12 weeks old) were housed and acclimatized before the experiments under standard conditions, and eyes were isolated as per the protocol approved by the Institutional Animal Care and Use Committee (IACUC). The separated corneas from the eyes were cultured and NM exposed as reported earlier. 17 In brief, to induce corneal injury, 50 to 200 nmol NM [bis (2chloroethyl) methylamine, mechlorethamine hydrochloride; Sigma-Aldrich, St. Louis, MO] in 10 mL media was applied drop-wise on the central cornea (n = 3-6) for 2 hours and then washed and cultured for up to 48 hours. At the end, onefourth cornea was fixed in 10% phosphate-buffered formalin and the remainder was snap frozen in liquid nitrogen. HCE cells (Gibco; Life technologies, NY) were cultured in keratinocyte-serum-free medium (SFM) media supplemented with bovine pituitary extract and human recombinant epidermal growth factor and 1% antibiotic-antimycotic solution under standard cell culture conditions. At 50% to 60% confluency, cells were exposed with different doses of NM (1-200 mM) for 12 to 48 hours. For NM washout studies, cells were exposed to NM for 2 hours, and thereafter, NM was removed and cells were washed and cultured for desired time. Thereafter, cell lysates were prepared and stored at 280°C as reported earlier. 26 
Apoptosis, Cell Viability, and Proliferation Assays
Apoptotic cell death was quantified using a terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling system as reported. 27 HCE cells (2 · 10 3 cells per well) were plated in 96-well plates, and after overnight, exposed to NM. Thereafter, 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) and 5-bromo-29deoxy-uridine assays were performed in triplicate to measure cell viability and proliferation, respectively, as detailed recently. 28 
Measurement of Epithelial Thickness and Epithelial-Stromal Separation
Corneal tissues were fixed, processed, and stained with hematoxylin and eosin (H&E) and evaluated microscopically for epidermal thickness and epithelial-stromal separation (microbullae formation) as detailed recently. 27, 29 Immunohistochemistry for VEGF Corneal sections were processed and immunohistochemistry (IHC) for VEGF was performed as reported earlier. 17 Brown colored cytoplasmic staining for VEGF was analyzed in 10 randomly selected fields (·400 magnification) and scored as 0 (no staining), +1 (weak staining), +2 (moderate staining), +3 (strong staining), and +4 (very strong staining).
Western Immunoblotting
Lysates were subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membranes, blocked, and probed with appropriate primary antibodies followed by incubation with peroxidase conjugated appropriate secondary antibody as reported earlier. 28, 30 Protein loading was confirmed by stripping and reprobing the membranes with b-actin (whole cell/cytosolic lysates) or TBP (nuclear lysates) antibody. All the bands were scanned using Adobe Photoshop 6.0 (Adobe Systems, Inc, San Jose, CA), and densitometric analysis was performed by measuring the integrated density using the ImageJ Program (NIH, Bethesda, MD).
Statistical Analysis
Data were analyzed using one-way analysis of variance and Tukey or Bonferroni t test for multiple comparisons (SigmaStat 2.03). Differences were considered significant if the P was #0.05. Data are presented as mean 6 standard error of mean.
RESULTS
NM Exposure Caused Apoptotic Death in Cornea, and Reduced Viability and Proliferation Together With DNA Damage and Activation of Caspase-3 and Poly ADP Ribose Polymerase in HCE Cells
NM exposure resulted in significant apoptotic cell death in the rabbit cornea ( Fig. 1A , red arrows). Quantification showed a maximum effect at 100 nmol NM ( Fig. 1B) , where 51%, 65%, and 58% of apoptotic cell death was observed at 12, 24, and 48 hours after exposure, respectively, in the corneal epithelium compared with ;7% in vehicle control (Fig. 1C ). Evidenced by morphological changes, NM induced a significant dose-dependent decrease in HCE cell viability ( Fig. 1D) , which was further supported by MTT assay showing 32% to 87% reduction in cell viability by 50 to 200 mM NM exposure ( Fig. 1E ). Similar NM exposures for 48 hours also resulted in a dose-dependent decrease (28%-40%) in DNA synthesis compared with control cells (Fig. 1F ).
Since DNA damage could be a key event in vesicantinduced cell death, we next examined the effect of NM on FIGURE 1. Effect of NM exposure on apoptotic cell death in the rabbit cornea, and cell viability and proliferation, and molecular responses related to DNA damage and apoptotic cell death in HCE cells. The excised rabbit corneas were exposed to 50 to 200 nmol NM for 2 hours, washed and cultured for 12 hours or exposed to 100 nmol NM for 2 hours, washed and cultured for 12, 24, or 48 hours. Thereafter, the corneas were collected, processed, sectioned, and subjected to terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) staining as detailed under Materials and Methods section. Representative TUNEL stained corneal sections (A) were further quantified (B and C) as brown-colored TUNELpositive cells in 10 randomly selected fields at ·400 magnification, and apoptotic cell index was calculated as number of apoptotic cells ·100 divided by total number of cells. HCE cells were either not exposed or exposed to 1 to 200 mM concentrations of NM and then examined under the light microscope for morphological analysis (D). After similar treatments, HCE cells were subjected to MTT assay (E) or 5-bromo-29deoxy-uridine assay (F) as detailed under the Materials and Method section. HCE cells were either not exposed or exposed to 1 to 200 mM concentrations of NM and cell lysates were prepared. Approximately 60 mg of protein sample was loaded and analyzed by SDS-PAGE followed by Western immunoblotting for H2A.X phosphorylation, and p53 phosphorylation and accumulation (G), and cleaved caspase-3 and PARP (H) as detailed under Materials and Methods section. Protein loading was checked by stripping and reprobing the membranes with b-actin antibody and the results obtained were quantified by densitometric analysis of the immunoblots. Data presented are mean 6 standard error of mean (n = 3-6); *, P , 0.05 as compared with control group; e, epithelial layer; NM, nitrogen mustard; red arrows, TUNEL-positive cells; s, stromal layer.
DNA damage in HCE cells. The DNA damage marker, H2A. X, showed an NM-induced dose-dependent increase in its phosphorylation. At 100 mM NM dose, an 8-to 12-fold induction was observed 12 to 48 hours postexposure, compared with control cells (Fig. 1G ). Similarly, NM exposure also resulted in a strong dose-dependent increase in p53 phosphorylation and its accumulation at 12 and 24 hours postexposure, which decreased at 48 hours ( Fig. 1G) . A maximal (28-fold) increase in p53 phosphorylation was observed at 100 mM NM exposure for 24 hours (Fig. 1G ). FIGURE 2. Effect of NM exposure on epithelial thickness and epithelialstromal separation in the rabbit cornea. The excised rabbit corneas were exposed to 50 to 200 nmol NM for 2 hours, washed and cultured for 12 hours or exposed to 100 nmol NM for 2 hours, washed and cultured for 12, 24, or 48 hours. Thereafter, the corneas were collected, processed, sectioned, and subjected to hematoxylin and eosin staining as detailed under Materials and Methods section. Hematoxylin and eosin stained sections were evaluated for epithelial thickness (A-C) and epithelial-stromal separation (D-F). Representative hematoxylin and eosin stained corneal sections epithelial thickness (A) were quantified (B and C) as detailed under Materials and Methods section. Representative hematoxylin and eosin stained corneal sections showing the incidence of epithelial-stromal separations (D) were measured at ·400 magnification and classified into small (less than 100 mm 2 ), medium (100-1000 mm 2 ), or large (more than 1000 mm 2 ) epithelialstromal separations (E and F). Data presented are mean 6 standard error of mean (n = 3-6); *, P , 0.05 as compared with control group; e, epithelial layer; red arrows, epithelialstromal separation; s, stromal layer.
Subsequently, we examined the activation of caspase-poly ADP ribose polymerase (PARP), the main executor of apoptosis. NM exposure led to a strong dose-dependent increase in cleaved caspase-3 and PARP levels at all the study time points (Fig. 1H ).
NM Exposure Caused an Increase in Epithelial Thickness and Induced Epithelial-Stromal Separation in Rabbit Cornea
Microscopic analysis of hematoxylin and eosin stained cornea showed an increase in epithelial thickness on NM exposure ( Fig. 2A ). Quantitative analysis of the results showed an over 2-fold increase in the corneal epithelial thickness at 24 and 48 hours after 100 nmol NM exposure ( Fig. 2B ), which was also a time-dependent effect (Fig.  2C ). NM exposure induced epithelial-stromal separation at all the exposure concentrations and time points ( Fig. 2D , red arrows). Quantitative analysis (Figs. 2E, F) showed that the exposure of corneas to NM results in significantly higher incidences of small (,100 mm 2 ) and medium (100-1000 mm 2 ) sized separations at all doses, but large (.1000 mm 2 ) separations were seen only at higher doses (100 and 200 nmol). proteolytic, and angiogenic mediators in rabbit cornea and HCE cells. The excised rabbit corneas were exposed to 50 to 200 nmol NM for 2 hours, washed and cultured for 12 hours or exposed to 100 nmol NM for 2 hours, washed and cultured for 12, 24, or 48 hours. Thereafter, the corneas were collected, processed, sectioned, and subjected to VEGF staining as detailed under Materials and Methods section. Representative VEGF stained cells in corneal sections (A) were scored for the brown cytoplasmic staining (B and C). After desired NM exposures, lysates were prepared from the corneal tissue and equal amount of protein was subjected to Western immunoblotting for COX-2 and MMP-9 expression (D). HCE cells were either not exposed or exposed to 50 or 100 mM concentrations of NM and cell lysates were prepared. Approximately 60 mg of protein sample was loaded and analyzed by SDS-PAGE followed by Western immunoblotting for VEGF, COX-2, MMP-9, and iNOS levels in HCE cells (E) as detailed under Materials and Methods section. Protein loading was checked by stripping and reprobing the membranes with b-actin antibody and the results obtained were quantified by densitometric analysis of the immunoblots as detailed in Materials and Methods section. Data presented are mean 6 standard error of mean (n = 3-6); *, P , 0.05 as compared with control group; e, epithelial layer; s, stromal layer.
NM Exposure Caused an Increase in VEGF, COX-2, MMP-9, and Inducible Nitric Oxide Synthase Levels in Rabbit Cornea and HCE Cells Neovascularization is a major sign of SM-induced ocular injury where the angiogenic mediator VEGF is upregulated. 31 Exposure of corneas to 50-, 100-, and 200-nmol NM resulted in a significant dose-dependent increase in VEGF expression in the epithelial layer (Figs. 3A, B) . NM (100 nmol)-induced increase (;3-fold) in VEGF positivity score was evident as early as 12 hours postexposure, which was maximal at 48 hours (Fig. 3C) . In HCE cells, NM caused a dose-dependent increase in VEGF protein levels at 48 hours postexposure (Fig. 3E) .
As epithelial thickness and epithelial-stromal separation were evident on NM exposure of corneas, we next assessed inflammatory and proteolytic mediators for their possible role in NM-induced responses. Both cornea and HCE cell lysates showed a dose-dependent increase in COX-2 protein levels after NM exposure (Figs. 3D, E). In the time-response study, exposure to 100-nmol NM resulted in a ;2-fold increase in COX-2 level at 24 hours postexposure ( Fig. 3D) . Similar result was observed in HCE cells where 100-mM NM for 12, 24, and 48 hours resulted in 12-, 16-, and 7-fold increase in COX-2 levels, respectively, compared with control ( Fig. 3E ).
In the rabbit cornea, exposure to 200-nmol NM resulted in a maximal (2.4-fold) increase in proteolytic mediator MMP-9 levels compared with control at 24 hours postexposure (Fig. 3D) . In HCE cells, NM exposure (50 and 100 mM) for 48 hours resulted in a maximal (12-and 8-fold, respectively) increase in MMP-9 levels (Fig. 3E ). Inducible nitric oxide synthase (iNOS), which is reported to play an important role in vesicant-induced skin injury, 29 showed a 6fold increase compared with controls at 24-hour study time point after 100-mM NM exposure (Fig. 3E ).
NM Exposure Caused an Increase in the Phosphorylation of Mitogen-Activated Protein Kinases, Akt Protein Kinase, and Activator Protein 1 Family Proteins in HCE Cells
Earlier studies have shown the role of mitogenactivated protein kinases (MAPKs) in SM analogs-induced skin injury. 30, 32 Therefore, the involvement of MAPKs in vesicant-related ocular injury was next investigated in NMexposed HCE cells. As shown in Figure 4A , exposure to NM (50 and 100 mM) resulted in a dose-dependent increase in phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/2) at the 12-hour time point. Interestingly, whereas 12-and 48-hour NM exposure times did not show noticeable changes in total ERK1/2 levels, an increase in total ERK1/2 was observed at 24 hours postexposure. NM exposure also resulted in a strong phosphorylation of stress-associated MAPKs, p38, and Jun-N terminal kinase 1/2 (JNK1/2), without changing their total protein levels at 12-and 24hour time points (Fig. 4A) . A maximal (32-fold) NM (100 mM)-induced phosphorylation of p38 was observed at 12 hours postexposure. However, a maximal (8-fold) NM-induced FIGURE 4 . Effect of NM exposure on phosphorylation of MAPKs, AKT, and AP-1 transcription factor in HCE cells. HCE cells were either not exposed or exposed to 50 or 100 mM concentrations of NM and cell lysates were prepared. Approximately 60 mg of protein sample was loaded and analyzed by SDS-PAGE followed by Western immunoblotting for phosphorylated and total MAPKs: ERK, p38, JNK (A), AKT (B), AP-1 subunits c-Jun and c-Fos (C) as detailed under Materials and Methods section. Protein loading was checked by stripping and reprobing the membranes with b-actin, tubulin, or TBP antibody and the results obtained were quantified by densitometric analysis of the immunoblots as detailed in Materials and Methods section. increase in JNK1/2 phosphorylation was observed at 24 hours postexposure (Fig. 4A) . The protooncogene Akt, a serine/ threonine kinase involved in the regulation of cell survival and apoptosis, 33 was next assessed in HCE cells (Fig. 4B) . A 1.4-to 1.5-fold increase in the phosphorylation of Akt at Ser473 was observed in NM-exposed (100 mM) cells as compared with controls at all the time points, without alteration in the total Akt protein levels. A strong NM-induced increase in the downstream targets of MAPKs such as AP-1 (c-Jun and c-Fos) and Akt was also observed. Exposure of HCE cells to NM resulted in a strong c-Jun phosphorylation with the maximal increase (33-fold) at 12 hours after exposure without any noticeable change in total c-Jun protein level (Fig. 4C ). However, a 47-fold increase in c-Fos phosphorylation and 20-fold increase in total c-Fos levels, compared with controls, were observed only at 48 hours after 100-mM NM exposure (Fig. 4C ). An enhanced expression of c-Fos was also observed in control tissue, especially at 24 hours, which needs to be further investigated for a possible explanation.
Short-Term NM Exposure Followed by Washout Also Caused a Strong Increase in DNA Damage and Apoptosis Markers, and COX-2 and MMP-9 Levels
In our results shown in Figures 1-4 above, corneas were exposed to NM for 2 hours, washed and cultured for 12 to 48 hours before any analyses. Conversely, HCE cells were exposed to NM continuously for 12 to 48 hours. Therefore, we also treated HCE cells for 2 hours (just like rabbit corneas) and then after washing out NM, cultured them for 12 to 48 hours followed by the analysis of the key molecules that were upregulated by continuous NM exposure in these cells (Figs. [1] [2] [3] [4] . As shown in Figure 5A , similar to the results in continuously exposed HCE cells, NM exposure for 2 hours also showed a dose-dependent increase in H2A.X phosphorylation at 12 hours postexposure, which was sustained at later time points of 24 and 48 hours. Similarly, p53 phosphorylation and its total levels also increased in a dose-dependent manner at 12 hours post-NM (2 hours) exposure and remained high at 24-and 48-hour time points (Fig. 5A ). Corroborating with these findings, cleaved-PARP levels also showed a dosedependent increase as early as 12 hours post-NM exposure, which increased further up to 24 hours and then declined but remained higher than controls at 48 hours (Fig. 5A ). As shown in Figure 5B , a 2-hour NM exposure was sufficient to cause a strong increase in COX-2 levels at 12 hours postexposure that remained upregulated at 24 and 48 hours. However, upregulated MMP-9 levels were observed only at 48 hours after the 2-hour NM exposure (Fig. 5B ). Together, these results clearly show that irrespective of its exposure duration, NM caused strong dose-dependent DNA damage, apoptotic death, and an increase in inflammatory and proteolytic mediators.
NM Exposure Caused Lipid Peroxidation and Protein Adduct Formation in HCE Cells
4-hydroxynonenal (4-HNE; lipid peroxidation) and 5,5, dimethyl-2-(8-octanoic acid)-1-pyrroline N-oxide (DMPO; nitrone protein adduct formation) were next analyzed to assess whether oxidative stress was also involved in NMinduced responses. 30 An increase in 4-HNE adducts was evidenced with at least 5 discrete and rather broad bands between molecular masses of 20 to 75 kDa (Fig. 6A) . Furthermore, as shown in Figure 6B , NM exposure also caused an increase in DMPO staining of some bands; molecular weight markers demonstrated the most intense bands of DMPO nitrone protein adducts between 37 and 75 kDa. These results indicate a role of oxidative stress in the activation of pathways that could be involved in vesicant ocular injury.
DISCUSSION
The mechanism of ocular injury on vesicant exposure remains poorly understood hampering the development of effective therapies to counter ocular injury in a mass casualty scenario. Restrictions on the use of SM, except in designated approved facilities, make the search for therapeutics more difficult and costly. Therefore, NM, an analog of SM, was used in this study to investigate the molecular mechanisms involved in vesicant-induced ocular injuries. Results from this study corroborate with earlier published study from our laboratory and further, for the first time, show both doseand time-dependent effects of NM on cultured rabbit corneal tissue and possible mechanism of NM-caused ocular injury. The findings reported here indicate a role for oxidative stress and DNA damage, MAPKs, COX-2, MMP-9, and VEGF in NM-induced corneal inflammation, epithelial-stromal separation, and neovascularization. In addition, results from this study show that continuous or 2-hour NM exposure in HCE cells led to the activation of similar pathways. The molecules and related pathways (DNA damage, MAPKs, COX-2, MMP-9, VEGF, and oxidative stress) in NM-induced ocular injury, identified in this study, are comparable with those associated with SM and NM-induced skin injury. 20, 34 In this study, the DNA damage was observed as early as 12 hours after NM exposure in both cornea and HCE cells, which is in line with earlier reports of DNA damage being an early event in SM exposure and related injuries. 34, 35 DNA damage could be identified with an increase in histone variant H2A.X and tumor suppressor p53 phosphorylation and accumulation of total p53. 36 Phosphorylation of H2A.X at Ser139 is triggered by double strands breaks in DNA while phosphorylation of p53 at Ser15 and total p53 level goes up after DNA damage that results in cell cycle arrest for DNA repair or apoptosis if the damage is beyond repair. 37, 38 Although there is one previous report showing histopathological changes including activation of p53 with SM in rabbit cornea, 9 this study strongly suggests the role of H2A. X and p53 in NM-induced DNA damage that could be involved in corneal injury. Since NM exposure in HCE cells led to DNA damage, and activation of p53 and caspase-PARP pathways, these could be the main executors of apoptotic cell death observed in the rabbit cornea by NM. Notably, alkylation of cellular DNA and formation of DNA breaks and subsequent activation of PARP has been reported with SM exposure. 39 This study shows both dose-and time-dependent effects of NM on corneal tissue that further supports the previous reported changes of SM-induced corneal injury, cell death, inflammation, and vesication in rabbit eye. 6, 10, 16, 17 Hence, this study further corroborates these biomarkers as important endpoints after NM exposure in corneal organ culture. COX-2 and iNOS are reported as key mediators in SM-and NM-induced skin inflammation and injury, 20, 21 and results from this study also show their involvement in NM-induced corneal injury. Activation of proteolytic enzymes, especially MMPs, which degrade the components of extracellular matrix has been shown to result in blister formation on vesicant exposure. 40, 41 Data here showing NM-induced activation of MMP-9 in rabbit cornea and HCE cells, further supports its role in vesicant-induced corneal injury. Neovascularization, a significant lesion after vesicant exposure, is a delayed event observed weeks after exposure and angiogenic factor VEGF is reported to promote ocular neovascularization in animal ocular exposures. [7] [8] [9] 11, 16 The early increase in VEGF expression seen here is in line with the earlier report of SM-induced increase in VEGF expression within 48 hours of exposure. VEGF could have a role in repair mechanisms by increasing limbal vessel permeability and attracting monocytes apart from its role in inducing angiogenesis. This could be suggestive of an early corneal wound healing event because VEGF upregulation has been reported in corneal wound healing and might increase scarring edema and inflammation even in the absence of new blood vessels. 12, 31 MAPK/Akt-activator protein 1 (AP-1) pathway is activated by growth factors, inflammatory cytokines, stress stimuli, and oxidative stress. In our study, we observed the phosphorylation of MAPKs and Akt, together with c-Jun and c-Fos in NM-exposed HCE cells, which belong to the AP-1 and cyclic AMP response element (CRE)-binding protein family of transcription factors. This indicates a role of MAPK/Akt-AP-1 pathway in the induction of COX-2, FIGURE 6. Effect of NM exposure on lipid peroxidation and DMPO nitrone-protein adduct formation in HCE cells. HCE cells were either not exposed or exposed to 50 or 100 mM concentrations of NM and cell lysates were prepared. Approximately 60 mg of protein sample was loaded and analyzed by SDS-PAGE followed by Western immunoblotting with 4-HNE antibody (A) or anti-DMPO antibody (B). Protein loading was checked by stripping and reprobing the membranes with b-actin antibody as detailed in Materials and Methods section. Red arrows, protein adducts.
MMP-9, and VEGF in NM-induced corneal injury. Our results corroborate the earlier report by Zheng et al, 15 showing the involvement of ERK1/2, JNK, PI3IK/Akt, and p38 MAPKs in UV and NM-induced ocular injury.
Along with DNA damage, oxidative stress is a key initiating event after vesicant exposure that possibly activates complex signal transduction pathways leading to the induction of mediators, eventually resulting into inflammatory and vesicating responses. 30, 42 The generation of 4-HNE and DMPO adducts observed in this study indicates that NMinduced oxidative stress could lead to significant lipid peroxidation and nitrone-protein adduct formation, respectively, causing activation of pathways that cause the inflammatory, proteolytic, and angiogenic responses in the rabbit corneal tissue. This study supports an earlier report that 4-HNE could be an important biomarker of vesicant-induced ocular injury and that oxidative stress might be an important mechanism mediating NM-induced corneal injury. 15 Apart from oxidative stress, nitrosative stress involving nitric oxide (NO), an oxidizing agent, has also been associated with vesicant toxicity. 42, 43 NO is formed by NO synthesizing enzymes including iNOS, reported to be regulated by MAPK signaling pathway. In this study, an increase in inflammatory mediator iNOS after NM exposure in HCE cells can be due to the activation of MAPK pathways; however, further studies to elaborate on the roles of oxidative or nitrosative stress in vesicant-induced mechanism of ocular toxicity are required.
This study further supports previous reports which suggest that a therapeutic approach would be successful in treating vesicant-induced ocular injury if multiple pathways involved in injury are targeted. Apart from inflammation and corneal damage associated with the pathogenesis of vesicantinduced ocular injury, which are also seen in other disorders of the ocular surface, early alkylating effects on macromolecules and vesicating properties of these agents can lead to additional modifications, adduct formation, and activation of pathways causing cell death and vesication. Hence, our studies to delineate the complex early mechanistic alterations in rabbit corneal and HCE cells that could lead to the acute and late chronic vesicant-induced corneal injuries are of specific importance to identify early targeted therapies. The current findings further support the rabbit corneal organ culture injury model with NM as a valuable tool to screen and identify therapies to rescue corneal injuries from vesicant exposure. 17 
